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Leaf senescence is a typical symptom in plants exposed to dark and may be regulated
by plant growth regulators. The objective of this study was to determine whether
exogenous application of melatonin (N-acetyl-5-methoxytryptamine) suppresses dark-
induced leaf senescence and the effects of melatonin on reactive oxygen species (ROS)
scavenging system and chlorophyll degradation pathway in perennial grass species.
Mature perennial ryegrass (Lolium perenne L. cv. ‘Pinnacle’) leaves were excised and
incubated in 3 mM 2-(N-morpholino) ethanesulfonic buffer (pH 5.8) supplemented
with melatonin or water (control) and exposed to dark treatment for 8 days. Leaves
treated with melatonin maintained significantly higher endogenous melatonin level,
chlorophyll content, photochemical efficiency, and cell membrane stability expressed
by lower electrolyte leakage and malondialdehyde (MDA) content compared to the
control. Exogenous melatonin treatment also reduced the transcript level of chlorophyll
degradation-associated genes and senescence marker genes (LpSAG12.1, Lph36, and
Lpl69) during the dark treatment. The endogenous O2− production rate and H2O2
content were significantly lower in these excised leaves treated with melatonin compared
to the water control. Exogenous melatonin treatment caused increases in enzymatic
activity and transcript levels of superoxide dismutase and catalase but had no significant
effects on ascorbate peroxidase, glutathione reductase, dehydroascorbate reductase,
and monohydroascorbate reductase. The content of non-enzymatic antioxidants, such
as ascorbate and dehydroascorbate, were decreased by melatonin treatment, while
the content of glutathione and oxidized glutathione was not affected by melatonin.
These results suggest that the suppression of dark-induced leaf senescence by
exogenous melatonin may be associated with its roles in regulating ROS scavenging
through activating the superoxide dismutase-catalase enzymatic antioxidant pathway
and down-regulating chlorophyll degradation in perennial ryegrass.
Keywords: leaf senescence, chlorophyll degradation, reactive oxygen species, antioxidant, melatonin
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INTRODUCTION
Leaf senescence is a highly regulated natural process during
leaf development and can be accelerated by abiotic stresses
such as low light conditions (Causin et al., 2009; Brouwer
et al., 2012). This process is characterized by the loss of
net chlorophyll content due to chlorophyll degradation
(Matile et al., 1999; Hörtensteiner, 2006). Chlorophyll
degradation is catalyzed by at least six chlorophyll catabolic
enzymes (CCEs), such as Non-Yellow Coloring1 (NYC1),
NYC1-like (NOL), Chl a reductase (HCAR), pheophytin
pheophorbide hydrolyase (PPH), pheide a oxidase (PAO),
and red chlorophyll catabolite reductase (RCCR) (Barry et al.,
2008; Hörtensteiner, 2009). In addition, the stay-green gene
(SGR), cloned in many plant species, has also been found to
regulate chlorophyll degradation by interacting with the six
CCEs (Park et al., 2007; Sakuraba et al., 2012). The transcription
of these seven chlorophyll degradation-associated genes is
upregulated during the senescence process (Matile et al.,
1999; Park et al., 2007; Jespersen et al., 2016). Similar to
chlorophyll degradation-associated genes, the transcription of
senescence marker genes, such as SAG12, h36, and l69, is also
upregulated during leaf senescence (Lee et al., 2001; Zhou et al.,
2013).
Stress-induced leaf senescence, such as that induced by
prolonged darkness, has also been associated with increased
production of reactive oxygen species (ROS) and weakening of
antioxidant scavenging systems (Wang et al., 2012). The ROS
scavenging system in higher plants involves both enzymatic and
non-enzymatic components. Superoxide dismutase (SOD, EC
1.15.1.1) serves as the initial defense by converting O2− to H2O2,
which is subsequently converted to H2O through four pathways:
(1) water-water cycle converting H2O2 to H2O using ascorbate
(AsA) as a reductant catalyzed by ascorbate peroxidase (APX,
EC 1.11.1.11); (2) the ascorbate-glutathione cycle converting
H2O2 to H2O using AsA as a reductant catalyzed by APX
(EC 1.11.1.11), monodehydroascorbate reductase (MDHAR,
EC 1.6.5.4), glutathione-dependent dehydroascorbate reductase
(DHAR, EC 1.8.5.1), and glutathione reductase (GR, EC
1.6.4.2); (3) the glutathione peroxidase (GPX, EC 1.11.1.9) cycle
detoxifying H2O2 by GPX and GR using GSH as a reductant;
and (4) catalase (CAT, EC 1.11.1.6) converting H2O2 to O2
directly (Mittler, 2002; Blokhina et al., 2003; Ahmad et al., 2008).
Metabolic factors which suppress detoxify ROS accumulation
by activating any of the three enzymatic antioxidant pathways
or non-enzymatic antioxidant accumulation may be effective
in suppressing stress-induced leaf senescence associated with
oxidative damage.
Since melatonin was first detected in edible plants in
1995, the biosynthetic pathway and physiological function
of melatonin in plants have been widely studied (Dubbels
et al., 1995; Hattori et al., 1995). The highest content of
melatonin was observed in the night, and the amount of this
molecule is reduced in the light (Murch and Saxena, 2002).
Recently, a lot of studies have demonstrated that melatonin is
synthesized from tryptophan in plants; this synthetic pathway is
catalyzed by four enzymes including tryptophan decarboxylase
(TDC, E.C. 4.1.1.28), tryptophan 5-hydroxylase (T5H, E.C.
1.14.16.4), serotonin N-acetyltransferase (SANT, E.C. 2.3.1.87),
and hydroxyindole-O-methytransferase (HIOMT, E.C. 2.1.1.4)
(Kang et al., 2007a,b, 2011; Byeon and Back, 2014). It has been
found to exhibit plant growth regulatory functions including
regulating seed germination, growth of roots and shoots,
light signaling transduction, flowering, fruit ripening, and seed
maturation (Kang et al., 2010; Okazaki et al., 2010; Byeon et al.,
2013; Zhao et al., 2013). Additionally, melatonin serves a role in
delaying plant leaf senescence induced by abiotic or biotic stresses
(Wang et al., 2012, 2013a,b; Zhang et al., 2014; Shi et al., 2015b).
Several independent studies suggest that melatonin exhibits ROS-
scavenging properties which may mitigate stress-induced leaf
senescence during drought, heat, cold, salinity, and darkness
(Zang et al., 1998; Acuña-Castroviejo et al., 2001; Tan et al., 2002;
Lei et al., 2004; Shi et al., 2015a). Wang et al. (2012) reported
that melatonin delayed senescence of detached apple leaves; this
was attributed to the regulation of the ascorbate-glutathione cycle
of ROS scavenging system as demonstrated by increased activity
of enzymatic antioxidant, such as APX and MDHAR, as well
as the content of non-enzymatic antioxidants such as free AsA,
total AsA, free GSH, and total GSH. As mentioned above, several
antioxidant pathways are involved in oxidative defense, though
the major antioxidant pathways regulated by melatonin and the
roles of melatonin in controlling dark-induced leaf senescence by
means of ROS scavenging are not completely understood.
Leaf senescence is a major problem causing the decline in
forage value and turf quality of perennial grasses in heavily
shaded areas in landscape, sports fields, and meadowlands.
However, the regulation of melatonin on dark-induced
chlorosis and the transcription of chlorophyll degradation
genes have not been systematically studied, especially
in perennial grass species. Investigating the mechanisms
of melatonin regulating dark-induced leaf senescence of
perennial grasses is important for improving turf quality
of perennial grasses in shaded areas. The objectives of this
study were (i) to determine physiological effects of exogenous
melatonin in dark-induced leaf senescence of perennial
ryegrass, (ii) to investigate the antioxidant roles of melatonin
in suppressing dark-induced leaf senescence, and (iii) to
determine major ROS scavenging pathways regulated by
melatonin during dark-induced leaf senescence in perennial
ryegrass.
MATERIALS AND METHODS
Plant Materials and Treatments
Plants of perennial ryegrass (Lolium perenne cv. ‘pinnacle’) were
established from seed and maintained by irrigating with half-
strength Hoagland nutrient solution every 7 days (Hoagland
and Arnon, 1950) in a greenhouse at Rutgers University, New
Brunswick, NJ, USA. Plants were grown in plastic pots (20 cm
diameter and 25 cm height) with a mix of soil and peat (3:1 v/v)
and maintained in the greenhouse for 60 days and the blade of
last mature leaves were detached and used for melatonin and dark
treatments.
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TABLE 1 | Primers used in this study.
Gene Accession number Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)
LpSGR KX686494 GAGGAGGCGAACTCGAAG GGTTGTACCACCCTTGCAG
LpNOL KX686493 GCTGGCAAAGAAGTTTCTCA ATGCTGCTCTCCAAATTCCT
LpNYCl KX686491 GATCGTCTCCCAGAAGTGCT GCCAGTCTCCTGCTTGAAC
LpPPH KT345726 ACCCAGGTGATTCAGGAAAG CCTGACCTCACCAACCTTCT
LpPAO KX686495 TCAAGGCCAAGAGAAGGTCT TGTGTGGGTGTGAATGTGAG
LpRCCRl KX686492 ATGGTGCAATCGACATCACT GAGCAGGTCCAGAATGACAA
LpSAG12.1 GR521200 ACTGCGACACGACAGACAAC TGTACTCGAAGGCATTGTCC
Lph36 GR522352 GACCGCCCTTTGAACATAGT CTTCAATCACGTCAGGATGG
Lpl69 GR514637 TCATGGACAACATAGCAGCA TACTTTCACGCCGTCGATAC
LpMnSOD GAYX01035468.1 GGGTGCTGCTTTACAAGGAT GTCACCAGAGGGTCCTGATT
LpFeSOD GAYX01012456.1 CTCCAAGGTCGTGTCCTTCT CGACCCTCTTGCTCATGTAA
LpCuZnSOD GR520345 TTTCATCACAACCCTCCTGA AATGATGGTTGCAATTGTGG
LpCAT GR519923 CACCTTCGACAAGAAGACGA CTCGAGCAGGTGGTAGTCCT
LpAPX2 GR524197 CCCTCGTGGAGAAATATGCT TCAGATAGCCTGAGGTGTGC
LpDHAR2 GR514004 GACTGTCCCTTCTCCCAGAG AGAAACCACTTGGGCTTGTT
LpGR GR522386 CAGCTGCTGTATTCTCCCAA CCAGAAAGAGTGGCCCTAAG
LpGPXl GR522096 AGCTGCTTGGGAGCTCTTAG GCATCATCTGAAATGTTGGG
LpGPX2 GAYX01040858.1 CGAGAAGGACCTCAAGAAGC GGTAACTGAGCACAACATTGC
LpGPX3 GT089062 AAGCTGTTGGAGGTTTGAGG ACCACAGACCGGAACTTCTC
LpMDHARl GR515060 AGCTCTCTGATTTCGGCACT CAAGGCCAATGTAACCTCCT
LpMDHAR2 GR510203 CTAAGGTCGCTAGGGCTCAG ACTAGGGAGCGTGGACAGAC
LpelF4A G0924770 AACTCAACTTGAAGTGTTGGAGTG AGATCTGGTCCTGGAAAGAATATG
For testing the effects of melatonin on dark-induced leaf
senescence of perennial ryegrass, detached leaves were treated
following the protocol reported by Zhang et al. (2016). Briefly,
leaves were washed with deionized water and then placed between
paper towels soaked in 3 mM 2-(N-morpholino) ethanesulfonic
(MES) buffer (pH 5.8). One set of leaves (60 leaves in each
set) were incubated in MES buffer (control) and three sets of
leaves were incubated in MES buffer solution containing 20,
50, or 100 µM melatonin. The control leaves and those treated
with different concentrations of melatonin were maintained
in dark for 8 days to induce leaf senescence in a growth
chamber (Conviron, Winnipeg, Canada). The growth chamber
was maintained at 22/17◦ (14 h/10 h) temperature without light
to impose dark stress. The experiment was repeated three times.
Physiological Analysis
Senescence-associated physiological parameters, including
leaf chlorophyll content, photochemical efficiency (Fv/Fm),
electrolyte leakage (EL), and malondialdehyde (MDA) content
were evaluated to determine effects of exogenous melatonin
on leaf senescence induced by the dark treatment. MDA is the
product of membrane lipid peroxidation; therefore, the higher
MDA content indicated more membrane damage.
Chlorophyll was extracted by soaking leaves in dimethyl
sulfoxide (DMSO) in darkness for 72 h and then measuring
for absorbance of chlorophyll extracts at 663 and 645 nm with
a spectrophotometer (Spectronic Instruments, Rochester, NY,
USA). Chlorophyll content was calculated using the equations
described by Barnes et al. (1992). Photochemical efficiency
(Fv/Fm) was determined using a fluorescence meter (Dynamax,
Houston, TX, USA) as described by Oxborough and Baker
(1997). Electrolyte leakage was measured using the methods
described Murray et al. (1989). Briefly, 0.2 g leaves were washed
three times and then immersed in 35 mL of deionized water.
Initial conductivity (Ci) was measured with a conductivity meter
(YSI Model 32, Yellow Spring, OH, USA) after shaking for
24 h. Leaves were autoclaved for 20 min and the resulting
conductance (Cmax) was then measured. The electrolyte leakage
was calculated as 100 × Ci/Cmax. MDA content, another
membrane stability parameter, was quantified according to the
method described by Zhang and Kirkham (1996). Briefly, 0.5 g
of leaf tissue was ground to powder using liquid nitrogen,
and then transferred into 6 mL cold 5% trichloroacetic acid
(TCA) and mixed well. The homogenate was centrifuged at
10,000 g for 20 min at 4◦C; 1 mL of the supernatant was
transferred into a 15 mL tube and mixed with 2 mL 20% TCA
containing 0.5% thiobarbituric acid. The mixture was incubated
at 95◦Cfor 30 min, quickly cooled to room temperature in an
ice-water bath, and then centrifuged at 10,000 g for 10 min. The
absorbance of the supernatant was measured at 532 and 600 nm
using a spectrophotometer (Spectronic Instruments, Rochester,
NY, USA). The amount of MDA was calculated based on the
extinction coefficient of 155 mM−1 cm−1 (Heath and Packer,
1968).
Quantification of Endogenous Melatonin
Content by Enzyme-Linked
Immunosorbent Assay (ELISA)
Melatonin from the leaves was extracted following the
manufacturer’s instruction of the Melatonin ELISA Kit (Enzo Life
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FIGURE 1 | Effects of melatonin on phenotype traits of detached
perennial ryegrass leaves at day 8 after dark treatment.
Sciences, Farmingdale, NY, USA). In Brief, 0.15 g of leaf samples
was ground to power using liquid nitrogen, homogenized in
125 µL 1X stabilizer and then added 750 µL cold ethyl acetate
and vortexed well. After incubated on ice for 5 min, spin the mix
at 1000 g for 10 min. Then, the organic layer was transferred to
a fresh centrifuge tube and dry to completeness. The pellet was
suspended in 125–250 µL of 1X stabilizer for quantification of
melatonin according to the manufacturer’s instruction of the
Melatonin ELISA Kit (Enzo Life Sciences).
Quantifications of Superoxide (O2−) and
Hydrogen Peroxide (H2O2)
In order to determine whether melatonin effects on dark-induced
leaf senescence was related to the alteration of ROS production,
the O2− production rate and H2O2 content were evaluated in
leaves treated with or without melatonin. The O2− production
rate was measured according to methods described by Elstner
and Heupel (1976). Briefly, 0.1 g leaf tissue was ground to power
using liquid nitrogen, homogenized in 3 mL 65 mM potassium
phosphate buffer (PBS) (pH 7.8), and centrifuged at 10000 g
for 15 min at 4◦C. Simultaneously, 0.5 mL PBS (pH 7.8) and
0.1 mL 10 mM hydroxylamine hydrochloride were mixed and
incubated at 25◦C for 10 min. Then, 0.5 mL supernatant was
added to the PBS and hydroxylamine hydrochloride mixture
and incubated at 25◦C for 20 min. Following incubation, 1 mL
58 mM sulfonamides and 1 mL 7 mM naphthylamine were
added to the mixture, respectively, and incubated at 25◦C for
another 20 min. Three mL of chloroform was added to the
reaction mixture and vortexed, followed by centrifugation at
10000 g for 3 min. The absorbance of the upper phase was
measured at 530 nm using a spectrophotometer (Spectronic
Instruments, Rochester, NY, USA). The production rate was
FIGURE 2 | Effects of 20, 50, and 100 µM of melatonin on endogenous melatonin level and physiological parameters of detached perennial ryegrass
leaves during dark-induced senescence. (A) Endogenous melatonin content. (B) Chlorophyll content. (C) Photochemical efficiency (Fv/Fm). (D) Electrolyte
leakage. (E) MDA content. Different letter indicates significant differences at given day under darkness (p ≤ 0.05). Data are show as means ± SE (n = 4 in A,B,D,E;
n = 16 in C).
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FIGURE 3 | Effects of 20 µM of melatonin on the relative expression of chlorophyll degradation genes and senescence marker genes of detached
perennial ryegrass leaves during dark-induced senescence. Chlorophyll degradation genes: LpSGR, LpNYC1, LpNOL, LpPPH, LpPAO, and LpRCCR1.
Senescence marker genes: LpSAG12.1, Lph36, and Lpl69. Data are show as means ± SE (n = 4). ∗P ≤ 0.05.
calculated according to the formula described by Elstner and
Heupel (1976).
The content of H2O2 was measured according to the method
described by Velikova et al. (2000). Briefly, 0.5 g leaf tissues was
ground to powder using liquid nitrogen and homogenized in
5 mL cold 0.1% (w/v) TCA. The homogenate was centrifuged at
12000 g for 15 min and 0.5 mL of the supernatant was added to
0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL
1 M KI. The mixture was incubated in dark at 28◦C for 15 min.
The absorbance was measured at 390 nm. The content of H2O2
was based on a standard curve generated with known H2O2
concentrations.
Histochemical staining for O2− and H2O2 was also performed
for visual assessment of ROS production. Staining of O2− was
performed following the protocol described by Dunand et al.
(2007). Leaves were stained with 2 mM nitro blue tetrazolium
(NBT) in 20 mM phosphate-buffered saline (PBS; pH 6.8) for
8 h and subsequently decolorized by boiling in ethanol. Staining
of H2O2 was performed following the protocol described as
Thordal-Christensen et al. (1997). Leaves were incubated in
1% (w/v) 3-diaminobenzinidine (DAB; pH 3.8) for 16 h and
subsequently decolorized by boiling in ethanol.
Analysis of Non-enzymatic Antioxidant
Content and Enzyme Activities
In order to determine whether melatonin effects on dark-induced
leaf senescence was related to changes in antioxidant metabolism,
endogenous content of non-enzymatic antioxidants (AsA, DHA,
GSH, and GSSG) and activities of antioxidant enzymes were
measured in excised leaves treated with or without melatonin.
Endogenous contents of AsA, DHA, GSH, and GSSG were
quantified according to the method described by Griffith (1980)
and Ma et al. (2008), with slight modifications. In brief, 0.5 g of
leaf tissue was ground to powder using liquid nitrogen; 6 mL cold
5% TCA was added and the mixture was mixed. The homogenate
was centrifuged at 10,000 g for 20 min at 4◦C and the supernatant
was saved for further analysis.
For total AsA content analysis, 0.8 mL supernatant was
incubated in 200 mM PBS (pH 7.4) and 1.5 mM dithiothreitol
(DTT) mixture at room temperature for 50 min. After
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FIGURE 4 | Effects of melatonin on reactive oxygen species (ROS) in detached leaves of perennial ryegrass treated with water control and melatonin
during dark-induced senescence. (A) The production rate of super oxide (O2−). (B) Histochemical staining of leaves for visual localization of super oxide (O2−) at
days 8 after dark treatment. (C) The content of hydrogen peroxide (H2O2). (D) Histochemical staining of leaves for visual localization of hydrogen peroxide (H2O2) at
days 8 after dark treatment. Data are show as means ± SE (n = 4 in A,C). ∗P ≤ 0.05, ∗∗P ≤ 0.01.
incubation, 200 µL 0.5% (w/v) N-ethylmaleimide (NEM) was
added to remove excess DTT. Then 1 mL 10% (w/v) TCA, 800 µL
42% (w/v) o-phosphoric acid, 800 µL 65 mM 2,2′-dipyridyl in
70% (v/v) ethanol, and 400 µL 3% (w/v) FeCl3 were added to
the reaction mixture. The reaction was incubated at 42◦C for 1 h
in a water bath and the absorbance was quantified at 525 nm.
Free AsA was analyzed using the similar method described above
except DTT and NEM were substituted with 400 µL deionized
water. Total and free AsA contents were determined based on a
standard curve generated with known AsA concentrations. DHA
was estimated from the difference between total AsA and free
AsA.
For total glutathione content analysis, 0.5 mL supernatant
was mixed with 1.0 mL 0.2 M PBS (pH 7.0), 0.1 mL
0.5% (w/v) dithiobis-2-nitrobenzoic acid (DTNB, dissolved
in DMSO), 0.2 mL 2 mM NADPH, and 0.2 mL 50 mM
ethylenediaminetetraacetic acid (EDTA). The reaction was
initiated by adding three units of GR and the absorbance was
quantified at 412 nm for 1 min. GSSG was analyzed in a same
method as above, except for that the 1 mL supernatant was first
incubated with 50 µL 2-vinylpyridine at room temperature for
1 h to derivatize GSH. Total glutathione and GSSG contents were
determined based on a standard curve generated with known
GSH concentrations. GSH was estimated from the difference
between total glutathione and GSSG.
For the analysis of enzymatic antioxidant activity, crude
enzyme solution was extracted as described by Zhang and
Kirkham (1996). Briefly, 0.3 g leaf tissue was ground to powder
using liquid nitrogen and then homogenized in 3 mL cold
50 mM PBS (pH 7.8) containing 1% (w/v) polyvinylpyrrolidone
(PVP) and 0.2 mM EDTA. Homogenates were then centrifuged
at 15,000 g at 4◦C for 20 min and the supernatant was saved
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FIGURE 5 | Effects of melatonin on enzymatic activity of superoxide
dismutase (SOD) (A) and catalase (CAT) (B) in detached leaves of
perennial ryegrass treated with water control and melatonin during
dark-induced senescence. Data are show as means ± SE (n = 4).
∗∗P ≤ 0.01.
for enzyme activity analysis. SOD activity was determined by
measuring the absorbance at 560 nm and is defined as the
amount of enzyme required to cause 50% inhibition of the
rate of nitroblue tetrazolium chloride reduction (Meloni et al.,
2003). CAT activity was determined by measuring the decline in
absorbance at 240 nm as H2O2 concentration reduces (Chance
and Maehly, 1955). APX activity was determined by measuring
the decrease in absorbance at 290 nm for 1 min (Nakano
and Asada, 1981). GR activity was measured by measuring the
decrease in absorbance at 340 nm for 4 min (Cakmak et al.,
1993). DHAR activity was measured by measuring the decrease
in absorbance at 265 nm for 1 min (Nakano and Asada, 1981).
MDHAR activity was determined by measuring the change in
absorbance at 340 nm for 24 s (Cakmak et al., 1993). GPX activity
was assayed by measuring the change in absorbance at 340 nm
as NADPH oxidation occurred (Klapheck et al., 1990). Protein
content of crude enzyme solution was determined as described
by Bradford (1976). One unit enzyme activity was defined as the
absorbance change per minute.
Analysis of Gene Expression with
Real-Time RT-PCR
In order to determine whether exogenous melatonin regulates
dark-induced leaf senescence was related to the expression of
senescence-related genes and antioxidant-enzyme genes, the
transcript levels of six chlorophyll degradation-associated genes
(LpSGR, LpNYC1, LpNOL, LpPPH, LpPAO, and LpRCCR1) and
three senescence marker genes (LpSAG12.1, Lph36, and Lpl69),
as well as LpMnSOD, LpFeSOD, LpCuZnSOD, LpCuZnSOD,
LpCAT, LpAPX2, LpDHAR2, LpGR, LpGPX1, LpGPX2, LpGPX3,
LpMDHAR1, and LpMDHAR2 were quantified in leaves treated
with or without melatonin. Total RNA was extracted from leaf
tissue using TRIzol reagent (Life Technologies, Grand Island, NY,
USA). TURB DNA-freeTM reagent (Life Technologies) was used
to remove contaminating genomic DNA from RNA solution.
Following that, 2 µg total RNA was reverse transcribed into
cDNA using the High Capacity cDNA Reverse Transcription
Kit (Life Technologies, Grand Island, NY, USA). For gene
expression analysis, the StepOnePlus Real-Time PCR System
(Life Technologies, Grand Island, NY, USA) was used and the
PCR reaction was performed with a power SYBR
R©
Green PCR
Master mix (Applied Biosystems, Foster City, CA, USA). Primers
used for qRT-PCR are listed in Table 1 and eIHF4A was used
as internal control (Huang et al., 2014). All reactions were
performed with two technical and four biological replicates.
Statistical Analysis
Data was analyzed using two-way ANOVA for the analysis of
dark treatment and melatonin effects. The differences between
treatments were compared by student’s t-test at the probability
of 0.05 and 0.01 using a statistical program (Version 12, SPSS
Inc., Chicago, IL, USA). The data in all figures was expressed as
means± standard error.
RESULTS
Exogenous Application of Melatonin
Alleviated Dark-Induced Leaf
Senescence and Increased Its
Endogenous Level
Leaves treated with melatonin maintained greener visual color
compared with the control at 8 days of dark treatment (Figure 1).
Dark treatment increased endogenous melatonin level, and 20,
50, and 100 µM melatonin treated leaves had significantly
higher level than water control (Figure 2A). The dark treatment
significant increased the decline of chlorophyll content and
photochemical efficiency in control leaves (Figures 2B,C).
However, chlorophyll content and photochemical efficiency were
significantly greater in melatonin-treated leaves than those of
the control (Figures 2B,C). Melatonin treatment resulted in
significantly lower MDA content and electrolyte leakage than
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FIGURE 6 | Effects of melatonin on enzymatic activity of ascorbate peroxidase (APX) (A), glutathione peroxidase (GPX) (B), glutathione reductase
(GR) (C), dehydroascorbate reductase (DHAR) (D), and monodehydroascorbate reductase (MDHAR) (E) in detached leaves of perennial ryegrass
treated with water control and melatonin during dark-induced senescence. Data are show as means ± SE (n = 4). ∗P ≤ 0.05, ∗∗P ≤ 0.01.
the control (Figures 2D,E). Physiological effects of melatonin
did not differ significantly among the three concentrations (20,
50, and 100 µM) (Figures 1 and 2). Therefore, biochemical and
transcript effects of melatonin were performed for leaves treated
with 20 µM, as described in the following results.
Exogenous Melatonin Suppressing the
Up-Regulation of Chlorophyll
Degradation Associated Genes and
Senescence Marker Genes by Dark
Treatment
The transcript changes of six chlorophyll degradation-associated
genes (LpSGR, LpNYC1, LpNOL, LpPPH, LpPAO, and LpRCCR1),
and three senescence marker genes (LpSAG12.1, Lph36, and
Lpl69) were compared between leaves treated with or without
melatonin under dark treatment. The relative expression levels of
all the chlorophyll degradation-associated genes and senescence
marker genes were significantly increased during 4 and 8 days
of dark treatment in the control (Figure 3). For LpSGR,
its expression was more activated than other chlorophyll
degradation genes, with 10.7- and 65.3-fold increases at 4 and
8 days of dark treatment (Figure 3). In addition, the relative
expression level of other chlorophyll degradation-associated
genes was also increased by dark treatment. However, melatonin
treatment significantly suppressed the transcription of those
genes compared to water control after 8 days dark treatment,
with a 54.9% decrease for LpSGR, 34.8% decrease for LpNYC1,
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FIGURE 7 | Effects of melatonin on the relative expression of LpMnSOD, LpCuZnSOD, LpFeSOD, and LpCAT of detached perennial ryegrass leaves
during dark-induced senescence. Data are show as means ± SE (n = 4). ∗P ≤ 0.05.
58.8% decrease for LpNOL, 51.6% decrease for LpPPH, 30.3%
decrease for LpPAO, and 39.7% decrease for LpRCCR1 (Figure 3).
The transcript patterns of the three senescence marker genes
(LpSAG12.1, Lph36, and Lpl69) were the same as chlorophyll
degradation genes.
Exogenous Melatonin Enhances ROS
Scavenging against Dark-Induced
Oxidative Stress by Increasing the
Activity of SOD and CAT
To evaluate the dark stress induced oxidative damage and
regulatory roles of melatonin on ROS scavenging, the production
rate of O2− and the H2O2 content were examined using
quantitative measurement and histochemical staining. Dark
treatment increased the production of O2− of leaves without
melatonin treatment by 3.19- and 3.49-fold and the H2O2
content by 9.45- and 12.86- fold at 4- and 8 days, respectively
(Figures 4A,C). The histochemical staining also showed
increased production for both O2− and H2O2 at 8 days of
dark treatment (Figures 4B,D). Compared to control, melatonin
treatment significantly suppressed the production rate of O2−
at 4 and 8 days of dark treatment, with a 2.14- and 1.37-fold
decease, respectively (Figure 4A). The H2O2 content was also
significantly suppressed by melatonin treatment, with a 1.94- and
1.38-fold decrease at 4 and 8 days of dark treatment, respectively
(Figure 4C). In addition, the histochemical staining also showed
decreased presence for both O2− and H2O2 with the melatonin
treatment compared with the control at 8 days of dark treatment
(Figures 4B,D).
In order to evaluate whether the reduction of ROS
accumulation by melatonin was related to the activation of
enzymatic ROS scavenging system, the ROS scavenging enzymes
and their relative expression levels were examined. Melatonin
treatment significantly increased the activity of SOD and CAT,
but resulted in a reduction in APX, GPX, and DHAR activity at
both 4 and 8 days of dark treatment (Figures 5 and 6A,B,D).
Melatonin had no significant effects on GR activity at 4 days
of dark treatment, but reduced GR activity at 8 days of dark
treatment (Figure 6C). For MDHAR activity, melatonin had no
effect on it at either 4 or 8 days of dark treatment (Figure 6E).
Exogenous Melatonin Enhances the
Relative Transcription of SOD and CAT
Leaves treated with melatonin had significantly higher relative
expression levels of LpMnSOD, LpFeSOD, LpCuZnSOD, and
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FIGURE 8 | Effects of melatonin on the relative expression of LpAPX2, LpDHAR2, LpGR, LpGPX1, LpGPX2, LpGPX3, LpMDHAR1, and MDHAR2 of
detached perennial ryegrass leaves during dark-induced senescence. Data are show as means ± SE (n = 4). ∗P ≤ 0.05.
LpCuZnSOD than the control at either 4 or 8 days of dark
treatment (Figure 7). The relative expression level of LpAPX2
was significantly suppressed by melatonin treatment at either
4 or 8 days of dark treatment (Figure 8). The expression level
of LpDHAR2 was significantly reduced by melatonin at either
4 or 8 days of dark treatment (Figure 8). The expression level
of LpGR was not affected by melatonin (Figure 8). Melatonin
significantly reduced the transcript level of LpGPX1 at either 4 or
8 days of dark treatment (Figure 8). For LpGPX2 and LpGPX3,
melatonin significantly reduced the transcript level at 8 days of
dark treatment (Figure 8). The expression levels of LpMDHAR1
and LpMDHAR2 were inhibited by melatonin.
Melatonin Has No Beneficial Effects on
Non-enzymatic Antioxidants
The content of free AsA, DHA, and total AsA level was
significantly lower in melatonin-treated plants than those in the
control at 8 days of dark treatment (Figures 9A–C). The AsA
contents were increased by the dark treatment and this increase
was suppressed by the melatonin treatment (Figure 9A). The
endogenous free GSH, GSSG, and total GSH levels were not
affected by melatonin treatment at 4 or 8 days of dark treatment
(Figures 9D–F).
DISCUSSION
Physiological analysis demonstrated that exogenous treatment
of excised leaves with melatonin effectively suppressed dark-
induced leaf senescence, as manifested by maintaining greater
chlorophyll content and photochemical efficiency, and lower
MDA content and EL in leaves of perennial ryegrass exposed
to the dark treatment. Previous studies with other plant species
have also found the positive effects of melatonin dark-induced
leaf senescence; for perennial ryegrass, the effective concentration
was between 20 and 100 µM in this study. Others found
10 µM melatonin was effective for suppressing leaf senescence
in barley and 10 mM for apple leaves (Arnao and Hernández-
Ruiz, 2009; Wang et al., 2012). It is evident that leaves of
grass or monocot species are more sensitive to melatonin than
leaves of woody or dicots plants. Unlike apple, perennial ryegrass
and barley are fructan accumulating species. Recently, several
studies suggested that fructans could function as ROS scavenger
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FIGURE 9 | Effects of melatonin on endogenous ascorbate (AsA) content (A), dehydroascorbate (DHA) content (B), AsA+DHA (C), glutathione (GSH)
content (D), oxidized glutathione (GSSG) content (E), GSH+GSSG (F) in detached leaves of perennial ryegrass treated with water control and
melatonin during dark-induced senescence. Data are show as means ± SE (n = 4). ∗P ≤ 0.05, ∗∗P ≤ 0.01.
(Keunen et al., 2013; Peshev et al., 2013). Thus, the difference
of melatonin sensitivity between species could be due to the
ability to synthesis fructans. In addition, exogenous application
of melatonin significantly increased the endogenous melatonin
level compared to water control. This may due to the absorption
of exogenous melatonin or exogenous application of melatonin
induced the expression of melatonin biosynthesis genes in
detached perennial ryegrass leaves under dark condition. The
increased endogenous melatonin may directly suppress dark-
induced leaf senescence of perennial ryegrass.
Leaf senescence is typically characterized by the decline in
chlorophyll content, which has been associated with the up-
regulation of chlorophyll degradation-associated genes during
natural or stress-induced leaf senescence in many plant species
(Ren et al., 2007; Morita et al., 2009; Zhang et al., 2011;
Jespersen et al., 2016). In addition, leaf senescence has also
been related to the up-regulation of senescence marker genes,
such as SAG12, h36, and l69 (Lee et al., 2001; Zhou et al.,
2013). Dark stress leads to the overproduction of ROS in
plants which causes chlorophyll degradation and leaf senescence
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FIGURE 10 | Proposed pathways of melatonin regulation of dark-induced leaf senescence derived from results involving chlorophyll degradation and
antioxidant metabolism.
(Rosenvasser et al., 2006). In this study, melatonin resulted
in the down-regulation of expression of all six chlorophyll
degradation-associated genes and three senescence marker
genes in dark-treated leaves of perennial ryegrass. Our results
indicate that melatonin may serve as a negative regulator
for chlorophyll degradation-associated and senescence marker
genes, which in turn contributes to the maintenance of higher
chlorophyll content and photochemical efficiency during the dark
treatment.
Leaf senescence is also characterized by loss of membrane
stability or integrity, which is typically assessed as increased
electrolyte leakage (Peever and Higgins, 1989; Rolny et al.,
2011). Membrane lipid peroxidation due to excessive production
of ROS in plants exposed to stresses also contributes to leaf
senescence (Finkel and Holbrook, 2000; Muller et al., 2007;
Bian and Jiang, 2009). Our study found the production of
O2− and H2O2 increased along with increases in both EL
and MDA content in detached leaves of perennial ryegrass
exposed to the dark treatment. However, exogenous melatonin
treatment significantly decreased the endogenous O2− and H2O2
production during the dark treatment. These results suggest that
melatonin may alleviate dark-induced leaf senescence associated
with membrane damage by reducing the accumulation of O2−
and H2O2.
Previous studies suggested that melatonin may reduce
the oxidative damage by regulating ROS scavenging systems.
Wang et al. (2012) found that melatonin treatment delayed
the dark- and drought-induced senescence of detached
apple leaves, which was attributed to the activation of the
antioxidant enzymes in the ascorbate-glutathione pathway;
however, their study examined only enzymes in this pathway.
However, the effects of melatonin on ROS scavenging
system were not systematically studied. Results in our study
demonstrated that melatonin has no significant effects or
inhibited the activity and transcript levels of antioxidant enzymes
(APX, MDHAR, DHAR, GPX, and GR) in the ascorbate-
glutathione and the glutathione peroxidase pathways during
dark-induced leaf senescence of perennial ryegrass. Furthermore,
the endogenous non-enzymatic antioxidants levels, such as
free AsA and DHA, were significantly decreased by melatonin
treatment; the content of free GSH and GSSG was not affected
by melatonin. In addition, melatonin treatment significantly
increased the activity of SOD and CAT and the transcript
levels of LpCuZnSOD, LpCuZnSOD, LpCuZnSOD, and LpCAT.
Our results strongly suggest that melatonin may play roles
in regulating the SOD-CAT antioxidant pathway in perennial
ryegrass, contributing to the suppression of dark-induced leaf
senescence in perennial grass species. However, melatonin does
not play such role with regard to the apple. Different mechanisms
may be invovled for melatonin regulation of dark-induced leaf
senescence for different plant species differing in their sensitivity
to melatoinin.
As introduced before, leaf senescence is typically characterized
by the decline in chlorophyll content and protein degradation,
which causing the decline in forage value and turf quality
of perennial grasses in heavily shaded areas in landscape,
sports fields, and meadowlands. Our results indicated
that exogenous melatonin suppressed dark-induced leaf
senescence of perennial ryegrass. Therefore, melatonin may
function as a signaling molecular which suppress stress-
induced decline in forage value and turf quality of perennial
ryegrass.
In summary, 20 µM melatonin treatment significantly
delays dark-induced leaf senescence of perennial ryegrass.
The exogenous application of melatonin effectively slowed
the dark-induced yellowing or chlorophyll loss and decline
of photochemical efficiency. The melatonin treatment also
increased the cell membrane stability as manifested by lower
electrolyte leakage and MDA content compared to water control.
In addition, the transcription of chlorophyll degradation genes
and senescence marker genes were also significantly suppressed,
which strongly supports its beneficial role in regulation during
darkness. Moreover, exogenous melatonin reduced the dark-
induced oxidative stress damage by enhancing ROS scavenging
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toward regulating SOD and CAT pathway. Therefore, melatonin
may respond differently to ROS scavenging pathways in different
plant species, especially in dicots and monocots. Our results
demonstrated that melatonin decreased dark-induced oxidant
stress damage through regulating SOD-CAT ROS scavenging
pathway in perennial ryegrass, as depicted in Figure 10.
We hope that the beneficial effects of exogenous melatonin
on leaf senescence offer new opportunities for its use in
increasing the forage value and turf quality of perennial
ryegrass.
AUTHOR CONTRIBUTIONS
JZ, HL, BX, and JL performed the experiment and analyzed
the data. BH provided all financial support and design of this
study. JZ and BH wrote and revised the manuscript. All authors
read and approved the final manuscript. The authors declare no
competing financial interests.
FUNDING
This study was supported by Center of Turfgrass Science at
Rutgers University and Program of Study Abroad for Young
Teachers by Agricultural University of Hebei.
ACKNOWLEDGMENTS
We thank the Chinese Scholarship Council for providing a
stipend during Jing Zhang’s study at Rutgers University. Thanks
also go to Patrick Burgess and Jillian Keough for critical reviewing
and editing the manuscript.
REFERENCES
Acuña-Castroviejo, D., Martín, M., Macías, M., Escames, G., León, J., Khaldy, H.,
et al. (2001). Melatonin, mitochondria, and cellular bioenergetics. J. Pineal Res.
30, 65–74. doi: 10.1034/j.1600-079X.2001.300201.x
Ahmad, P., Sarwat, M., and Sharma, S. (2008). Reactive oxygen species,
antioxidants and signaling in plants. J. Plant Biol. 51, 167–173. doi:
10.1007/BF03030694
Arnao, M., and Hernández-Ruiz, J. (2009). Protective effect of melatonin against
chlorophyll degradation during the senescence of barley leaves. J. Pineal Res.
46, 58–63. doi: 10.1111/j.1600-079X.2008.00625.x
Barnes, J., Balaguer, L., Manrique, E., Elvira, S., and Davison, A. (1992).
A reappraisal of the use of DMSO for the extraction and determination of
chlorophylls a and b in lichens and higher plants. Environ. Exp. Bot. 32, 85–100.
doi: 10.1016/0098-8472(92)90034-Y
Barry, C. S., Mcquinn, R. P., Chung, M. Y., Besuden, A., and Giovannoni,
J. J. (2008). Amino acid substitutions in homologs of the STAY-GREEN
protein are responsible for the green-flesh and chlorophyll retainer mutations
of tomato and pepper. Plant Physiol. 147, 179–187. doi: 10.1104/pp.108.
118430
Bian, S., and Jiang, Y. (2009). Reactive oxygen species, antioxidant enzyme
activities and gene expression patterns in leaves and roots of Kentucky bluegrass
in response to drought stress and recovery. Sci. Hortic. 120, 264–270. doi:
10.1016/j.scienta.2008.10.014
Blokhina, O., Virolainen, E., and Fagerstedt, K. V. (2003). Antioxidants, oxidative
damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179–194. doi:
10.1093/aob/mcf118
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3
Brouwer, B., Ziolkowska, A., Bagard, M., Keech, O., and Gardeström, P. (2012). The
impact of light intensity on shade-induced leaf senescence. Plant Cell Environ.
35, 1084–1098. doi: 10.1111/j.1365-3040.2011.02474.x
Byeon, Y., and Back, K. (2014). Melatonin synthesis in rice seedlings in vivo is
enhanced at high temperatures and under dark conditions due to increased
serotonin N-acetyltransferase and N-acetylserotonin methyltransferase
activities. J. Pineal Res. 56, 189–195. doi: 10.1111/jpi.12111
Byeon, Y., Park, S., Kim, Y. S., and Back, K. (2013). Microarray analysis of genes
differentially expressed in melatonin-rich transgenic rice expressing a sheep
serotonin N-acetyltransferase. J. Pineal Res. 55, 357–363. doi: 10.1111/jpi.12077
Cakmak, I., Strbac, D., and Marschner, H. (1993). Activities of hydrogen peroxide-
scavenging enzymes in germinating wheat seeds. J. Exp. Bot. 44, 127–132. doi:
10.1093/jxb/44.1.127
Causin, H. F., Roberts, I. N., Criado, M. V., Gallego, S. M., Pena, L. B.,
Del Carmen Ríos, M., et al. (2009). Changes in hydrogen peroxide
homeostasis and cytokinin levels contribute to the regulation of shade-induced
senescence in wheat leaves. Plant Sci. 177, 698–704. doi: 10.1016/j.plantsci.2009.
08.014
Chance, B., and Maehly, A. (1955). Assay of catalases and peroxidases. Methods
Enzymol. 2, 764–775. doi: 10.1016/S0076-6879(55)02300-8
Dubbels, R., Reiter, R., Klenke, E., Goebel, A., Schnakenberg, E., Ehlers, C., et al.
(1995). Melatonin in edible plants identified by radioimmunoassay and by
high performance liquid chromatography-mass spectrometry. J. Pineal Res. 18,
28–31. doi: 10.1111/j.1600-079X.1995.tb00136.x
Dunand, C., Crèvecoeur, M., and Penel, C. (2007). Distribution of superoxide
and hydrogen peroxide in Arabidopsis root and their influence on root
development: possible interaction with peroxidases. New Phytol. 174, 332–341.
doi: 10.1111/j.1469-8137.2007.01995.x
Elstner, E. F., and Heupel, A. (1976). Inhibition of nitrite formation from
hydroxylammoniumchloride: a simple assay for superoxide dismutase. Anal.
Biochem. 70, 616–620. doi: 10.1016/0003-2697(76)90488-7
Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of
ageing. Nature 408, 239–247. doi: 10.1038/35041687
Griffith, O. W. (1980). Determination of glutathione and glutathione disulfide
using glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207–212.
doi: 10.1016/0003-2697(80)90139-6
Hattori, A., Migitaka, H., Iigo, M., Itoh, M., Yamamoto, K., Ohtani-Kaneko, R.,
et al. (1995). Identification of melatonin in plants and its effects on plasma
melatonin levels and binding to melatonin receptors in vertebrates. Biochem.
Mol. Biol. Int. 35, 627–634.
Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I.
Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys.
125, 189–198. doi: 10.1016/0003-9861(68)90654-1
Hoagland, D. R., and Arnon, D. I. (1950). The Water-Culture Method for Growing
Plants Without Soil. San Francisco, CA: California Agricultural Experiment
Station, 347.
Hörtensteiner, S. (2006). Chlorophyll degradation during senescence. Annu. Rev.
Plant Biol. 57, 55–77. doi: 10.1146/annurev.arplant.57.032905.105212
Hörtensteiner, S. (2009). Stay-green regulates chlorophyll and chlorophyll-binding
protein degradation during senescence. Trends Plant Sci. 14, 155–162. doi:
10.1016/j.tplants.2009.01.002
Huang, L., Yan, H., Jiang, X., Yin, G., Zhang, X., Qi, X., et al. (2014).
Identification of candidate reference genes in perennial ryegrass for quantitative
RT-PCR under various abiotic stress conditions. PLoS ONE 9:e93724. doi:
10.1371/journal.pone.0093724
Jespersen, D., Zhang, J., and Huang, B. (2016). Chlorophyll loss associated
with heat-induced senescence in bentgrass. Plant Sci. 249, 1–12. doi:
10.1016/j.plantsci.2016.04.016
Kang, K., Kong, K., Park, S., Natsagdorj, U., Kim, Y. S., and Back, K. (2011).
Molecular cloning of a plant N-acetylserotonin methyltransferase and its
expression characteristics in rice. J. Pineal Res. 50, 304–309. doi: 10.1111/j.1600-
079X.2010.00841.x
Frontiers in Plant Science | www.frontiersin.org 13 October 2016 | Volume 7 | Article 1500
fpls-07-01500 October 4, 2016 Time: 16:15 # 14
Zhang et al. Melatonin Suppresses Dark-Induced Leaf Senescence
Kang, K., Lee, K., Park, S., Kim, Y. S., and Back, K. (2010). Enhanced production of
melatonin by ectopic overexpression of human serotonin N-acetyltransferase
plays a role in cold resistance in transgenic rice seedlings. J. Pineal Res. 49,
176–182. doi: 10.1111/j.1600-079X.2010.00783.x
Kang, S., Kang, K., Lee, K., and Back, K. (2007a). Characterization of tryptamine
5-hydroxylase and serotonin synthesis in rice plants. Plant Cell Rep. 26, 2009–
2015. doi: 10.1007/s00299-007-0405-9
Kang, S., Kang, K., Lee, K., and Back, K. (2007b). Characterization of
rice tryptophan decarboxylases and their direct involvement in serotonin
biosynthesis in transgenic rice. Planta 227, 263–272. doi: 10.1007/s00425-007-
0614-z
Keunen, E., Peshev, D., Vangronsveld, J., Van den Ende, W., and Cuypers, A.
(2013). Plant sugars are crucial players in the oxidative challenge during abiotic
stress: extending the traditional concept. Plant Cell Environ. 36, 1242–1255. doi:
10.1111/pce.12061
Klapheck, S., Zimmer, I., and Cosse, H. (1990). Scavenging of hydrogen peroxide in
the endosperm of Ricinus communis by ascorbate peroxidase. Plant Cell Physiol.
31, 1005–1013.
Lee, R. H., Wang, C. H., Huang, L. T., and Chen, S. C. G. (2001). Leaf
senescence in rice plants: cloning and characterization of senescence up-
regulated genes. J. Exp. Bot. 52, 1117–1121. doi: 10.1093/jexbot/52.358.
1117
Lei, X. Y., Zhu, R. Y., Zhang, G. Y., and Dai, Y. R. (2004). Attenuation of
cold-induced apoptosis by exogenous melatonin in carrot suspension cells:
the possible involvement of polyamines. J. Pineal Res. 36, 126–131. doi:
10.1046/j.1600-079X.2003.00106.x
Ma, Y. H., Ma, F. W., Zhang, J. K., Li, M. J., Wang, Y. H., and Liang, D. (2008).
Effects of high temperature on activities and gene expression of enzymes
involved in ascorbate-glutathione cycle in apple leaves. Plant Sci. 175, 761–766.
doi: 10.1016/j.plantsci.2008.07.010
Matile, P., Hörtensteiner, S., and Thomas, H. (1999). Chlorophyll degradation.
Annu. Rev. Plant Biol. 50, 67–95. doi: 10.1146/annurev.arplant.
50.1.67
Meloni, D. A., Oliva, M. A., Martinez, C. A., and Cambraia, J. (2003).
Photosynthesis and activity of superoxide dismutase, peroxidase and
glutathione reductase in cotton under salt stress. Environ. Exp. Bot. 49,
69–76. doi: 10.1016/S0098-8472(02)00058-8
Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant
Sci. 7, 405–410. doi: 10.1016/S1360-1385(02)02312-9
Morita, R., Sato, Y., Masuda, Y., Nishimura, M., and Kusaba, M. (2009). Defect
in non-yellow coloring 3, an α/β hydrolase-fold family protein, causes a stay-
green phenotype during leaf senescence in rice. Plant J. 59, 940–952. doi:
10.1111/j.1365-313X.2009.03919.x
Muller, F. L., Lustgarten, M. S., Jang, Y., Richardson, A., and Van Remmen, H.
(2007). Trends in oxidative aging theories. Free Radic. Biol. Med. 43, 477–503.
doi: 10.1016/j.freeradbiomed.2007.03.034
Murch, S. J., and Saxena, P. K. (2002). Mammalian neurohormones: potential
significance in Reproductive Physiology of St. John’s wort (Hypericum
perforatum L.)? Naturwissenschaften 89, 555–560. doi: 10.1007/s00114-002-
0376-1
Murray, M., Cape, J., and Fowler, D. (1989). Quantification of frost damage in
plant tissues by rates of electrolyte leakage. New Phytol. 113, 307–311. doi:
10.1111/j.1469-8137.1989.tb02408.x
Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880.
Okazaki, M., Higuchi, K., Aouini, A., and Ezura, H. (2010). Lowering intercellular
melatonin levels by transgenic analysis of indoleamine 2, 3-dioxygenase
from rice in tomato plants. J. Pineal Res. 49, 239–247. doi: 10.1111/j.1600-
079X.2010.00788.x
Oxborough, K., and Baker, N. R. (1997). Resolving chlorophyll a fluorescence
images of photosynthetic efficiency into photochemical and non-
photochemical components-calculation of qP and Fv-/Fm-; without measuring
F0. Photosynth. Res. 54, 135–142. doi: 10.1023/A:1005936823310
Park, S. Y., Yu, J. W., Park, J. S., Li, J., Yoo, S. C., Lee, N. Y., et al. (2007). The
senescence-induced staygreen protein regulates chlorophyll degradation. Plant
Cell 19, 1649–1664. doi: 10.1105/tpc.106.044891
Peever, T. L., and Higgins, V. J. (1989). Electrolyte leakage, lipoxygenase,
and lipid peroxidation induced in tomato leaf tissue by specific and
nonspecific elicitors from Cladosporium fulvum. Plant Physiol. 90, 867–875. doi:
10.1104/pp.90.3.867
Peshev, D., Vergauwen, R., Moglia, A., Hideg, E., and Van den Ende, W. (2013).
Towards understanding vacuolar antioxidant mechanisms: a role for fructans.
J. Exp. Bot. 64, 1025–1038. doi: 10.1093/jxb/ers377
Ren, G., An, K., Liao, Y., Zhou, X., Cao, Y., Zhao, H., et al. (2007). Identification
of a novel chloroplast protein AtNYE1 regulating chlorophyll degradation
during leaf senescence in Arabidopsis. Plant Physiol. 144, 1429–1441. doi:
10.1104/pp.107.100172
Rolny, N., Costa, L., Carrión, C., and Guiamet, J. J. (2011). Is the electrolyte leakage
assay an unequivocal test of membrane deterioration during leaf senescence?
Plant Physiol. Biochem. 49, 1220–1227. doi: 10.1016/j.plaphy.2011.06.010
Rosenvasser, S., Mayak, S., and Friedman, H. (2006). Increase in reactive oxygen
species (ROS) and in senescence-associated gene transcript (SAG) levels during
dark-induced senescence of Pelargonium cuttings, and the effect of gibberellic
acid. Plant Sci. 170, 873–879. doi: 10.1016/j.plantsci.2005.12.010
Sakuraba, Y., Schelbert, S., Park, S. Y., Han, S. H., Lee, B. D., Andrès, C. B.,
et al. (2012). STAY-GREEN and chlorophyll catabolic enzymes interact at light-
harvesting complex II for chlorophyll detoxification during leaf senescence in
Arabidopsis. Plant Cell 24, 507–518. doi: 10.1105/tpc.111.089474
Shi, H., Jiang, C., Ye, T., Tan, D. X., Reiter, R. J., Zhang, H., et al. (2015a).
Comparative physiological, metabolomic, and transcriptomic analyses reveal
mechanisms of improved abiotic stress resistance in bermudagrass [Cynodon
dactylon (L). Pers.] by exogenous melatonin. J. Exp. Bot. 66, 681–694. doi:
10.1093/jxb/eru373
Shi, H., Reiter, R. J., Tan, D. X., and Chan, Z. (2015b). INDOLE-3-ACETIC
ACID INDUCIBLE 17 positively modulates natural leaf senescence through
melatonin-mediated pathway in Arabidopsis. J. Pineal Res. 58, 26–33. doi:
10.1111/jpi.12188
Tan, D., Reiter, R. J., Manchester, L. C., Yan, M., El-Sawi, M., Sainz, R. M., et al.
(2002). Chemical and physical properties and potential mechanisms: melatonin
as a broad spectrum antioxidant and free radical scavenger. Curr. Top. Med.
Chem. 2, 181–197. doi: 10.2174/1568026023394443
Thordal-Christensen, H., Zhang, Z., Wei, Y., and Collinge, D. B. (1997).
Subcellular localization of H2O2 in plants. H2O2 accumulation in papillae and
hypersensitive response during the barley-powdery mildew interaction. Plant J.
11, 1187–1194. doi: 10.1046/j.1365-313X.1997.11061187.x
Velikova, V., Yordanov, I., and Edreva, A. (2000). Oxidative stress and
some antioxidant systems in acid rain-treated bean plants: protective
role of exogenous polyamines. Plant Sci. 151, 59–66. doi: 10.1016/S0168-
9452(99)00197-1
Wang, P., Sun, X., Chang, C., Feng, F., Liang, D., Cheng, L., et al. (2013a). Delay
in leaf senescence of Malus hupehensis by long-term melatonin application
is associated with its regulation of metabolic status and protein degradation.
J. Pineal Res. 55, 424–434. doi: 10.1111/jpi.12091
Wang, P., Sun, X., Li, C., Wei, Z., Liang, D., and Ma, F. (2013b). Long-term
exogenous application of melatonin delays drought-induced leaf senescence in
apple. J. Pineal Res. 54, 292–302. doi: 10.1111/jpi.12017
Wang, P., Yin, L., Liang, D., Li, C., Ma, F., and Yue, Z. (2012). Delayed senescence
of apple leaves by exogenous melatonin treatment: toward regulating the
ascorbate-glutathione cycle. J. Pineal Res. 53, 11–20. doi: 10.1111/j.1600-
079X.2011.00966.x
Zang, L. Y., Cosma, G., Gardner, H., and Vallyathan, V. (1998). Scavenging of
reactive oxygen species by melatonin. Biochim. Biophys. Acta 1425, 469–477.
doi: 10.1016/S0304-4165(98)00099-3
Zhang, J., and Kirkham, M. (1996). Antioxidant responses to drought in sunflower
and sorghum seedlings. New Phytol. 132, 361–373. doi: 10.1111/j.1469-
8137.1996.tb01856.x
Zhang, J., Yu, G., Wen, W., Ma, X., Xu, B., and Huang, B. (2016). Functional
characterization and hormonal regulation of the PHEOPHYTINASE gene
LpPPH controlling leaf senescence in perennial ryegrass. J. Exp. Bot. 67, 935–
945. doi: 10.1093/jxb/erv509
Zhang, N., Zhang, H. J., Zhao, B., Sun, Q. Q., Cao, Y. Y., Li, R., et al. (2014).
The RNA-seq approach to discriminate gene expression profiles in response to
melatonin on cucumber lateral root formation. J. Pineal Res. 56, 39–50. doi:
10.1111/jpi.12095
Zhang, X., Zhang, Z., Li, J., Wu, L., Guo, J., Ouyang, L., et al. (2011).
Correlation of leaf senescence and gene expression/activities of
Frontiers in Plant Science | www.frontiersin.org 14 October 2016 | Volume 7 | Article 1500
fpls-07-01500 October 4, 2016 Time: 16:15 # 15
Zhang et al. Melatonin Suppresses Dark-Induced Leaf Senescence
chlorophyll degradation enzymes in harvested Chinese flowering cabbage
(Brassica rapa var. parachinensis). J. Plant Physiol. 168, 2081–2087. doi:
10.1016/j.jplph.2011.06.011
Zhao, Y., Tan, D. X., Lei, Q., Chen, H., Wang, L., Li, Q. T., et al. (2013). Melatonin
and its potential biological functions in the fruits of sweet cherry. J. Pineal Res.
55, 79–88. doi: 10.1111/jpi.12044
Zhou, Q., Yu, Q., Wang, Z., Pan, Y., Lv, W., Zhu, L., et al. (2013).
Knockdown of GDCH gene reveals reactive oxygen species-induced leaf
senescence in rice. Plant Cell Environ. 36, 1476–1489. doi: 10.1111/pce.
12078
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Zhang, Li, Xu, Li and Huang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 15 October 2016 | Volume 7 | Article 1500
